Females of Bruchidius dorsalis, a wild bean weevil, exhibit courtship behavior actively, whereas the males are reluctant to mate but donate a large amount of seminal fluid, which eventually enhances female fecundity. This study examined the pre-and post-copulatory advantage of greater investing males: whether females choose greater investing males as their mates before copulation, and whether greater investing males attain larger reproductive success either by predominant sperm precedence or by prolonging the refractory period of the mating partner. B. dorsalis females did not preferably mate with greater investing or larger males, but refrained from mating for a longer period if they had obtained more investment. The sperm precedence of females mated with a sterilized and a normal male showed that the last mated male had precedence. Namely, B. dorsalis females did not choose greater investing males on a behavioral basis, but they preferentially used sperm of greater investing males by prolonging the mating interval according to the amount of the investment. The refractory period, approximately 20 h at the longest, was probably too short for the receiving females to assimilate the nutrients derived from the seminal fluid to the production of eggs that would be fertilized by the donating males. If this is the case, male investment in B. dorsalis is expressed as mating effort rather than paternal investment.
INTRODUCTION
In many insects, males court more actively than females, but invest less in their offspring (Thornhill and Alcock, 1983) . Because the offspring yielded by a female are always her own, reproductive investment by the female is much more easily selected for than that by the male in an evolutionary sense. However, females of several species behave more actively than males in courtship. Such species are called courtship-role-reversed species, males of which invest in reproduction, e.g., donate nutrients to females and/or offspring (Gwynne, 1981 (Gwynne, , 1982 , and take care of the offspring (Smith, 1979) . Generally, maternity is self-evident, while paternity is not always so. Therefore, males with paternal investment inevitably have some risk of being cheated by other males. In other words, there must exist some mechanism to assure the paternity of the investing male, particularly in courtship-rolereversed species.
There are at least two basic strategies for investing males to assure reproductive advantage, i.e., acquire a higher opportunity to mate and ensure paternity. Studies on courtship-role-reversed species have provided good examples of these strategies: high investing katydids males through nutritional spermatophores are preferred by females (Gwynne, 1982) ; male scorpionflies donating larger nuptial gifts can copulate longer and thus can inject more sperm (Thornhill, 1976) ; and the male of the giant water bug, which cares for its offspring, repeatedly mates with the same female before each oviposition bout to ensure its paternity (Smith, 1979) . All of these mechanisms are rather apparent and observable during mating, so that special attention has been paid to them for nearly two decades. On the other hand, most insect species do not show such apparent behavior. This is also true even in some species with courtship-role-reversed mating systems. Why don't investing males of these species show any apparent mechanism of paternity assurance or gaining more mating opportunity?
Recently, studies of sexual selection have focused on the potential effects of cryptic female choice on sperm competition, even if no apparent male-male competition or female choice is observed (Thornhill, 1983 (Thornhill, , 1984 Birkhead and Mollar, 1993; Eberhard, 1996) . If the female preferentially uses some sperm derived from a given male, or if the female is reluctant to mate after copulating with a male of given traits while not showing any mate preference, it is considerably harder to detect female choice or resultant sperm precedence based solely on traditional mate choice experiments. These findings imply the importance of cryptic female choice on sperm competition.
Bruchidius dorsalis (Fahraeus) is a member of the Bruchidae, some species of which are serious pests of stored crops, such as azuki, lentil and mung beans. This species feeds on seeds of a woody wild legume, Greditsia japonica Miq. The females exhibit active courtship behavior, while the males ejaculate a large amount of seminal fluid, approximately equal to 7% of the male body weight, greatly enhancing female fecundity (Takakura, 1999) . Neither males nor females of B. dorsalis exhibit pre-or post-copulatory guarding of mates, and probably have an opportunity to choose their mates because the density is fairly low in the field (Takakura, unpublished) . However, a reliable mechanism favoring investing males over non-investing males must exist since paternal investment can not be evolutionarily stable without such a mechanism.
This study aims to examine: 1) whether B. dorsalis females choose greater investing males as their mates on a behavioral basis, and 2) whether the amount of male investment affects the postcopulatory behavior of females, and consequently changes paternity. I examined the latter question by measuring the sperm precedence of the last male to mate (P2 value), because cryptic female choice made after copulation can not be detected otherwise. In addition, I discuss the adaptive significance of male reproductive investment both for the donating male and the receiving female, and try to figure out the evolutionary scenario of courtshiprole-reversal in B. dorsalis.
MATERIALS AND METHODS
Individuals used for the experiments were derived from approximately 100 adult B. dorsalis emerged from G. japonica seeds collected in June, 1997, at the bank of the Hozu River, Kameoka City, Kyoto Pref., Japan. Before experiments, the insects were reared for 2 generations within a growth chamber regulated at 25°C and 16L-8D.
Female preference for greater investing or larger males. The adults used for this experiment were prevented from mating for 3 days after emergence until examination, provided with water, sugar and dry yeast. The body weight of males was measured with an electric balance to the nearest 10 mg, and then 36 pairs of males with body mass in each pair differing approximately by 1 mg were carefully selected. Subsequently, each of the male pairs and a single female were introduced into a Petri dish (f4 cm) and the male to which the female courted was observed for 30 min. When the female started to mate with either of the males, the other male was removed from the dish and introduced into another dish with another female. After copulation, body weight was measured for both males again. The weight of the seminal fluid transferred was estimated in terms of the decrease in the male's body weight after copulation. The weight loss due to evaporation was disregarded because of the short interval between the two measurements. I tested first whether the females chose larger males by the binomial test and, subsequently, compared the weight of the seminal fluid between the males chosen and not chosen by the first females by Student's t-test.
Relationship between the amount of seminal fluid obtained by a female and the female's refractory period. This experiment used only virgin adults 3 days after emergence from the host seeds. A male and a female were introduced into a Petri dish (f 4 cm) to mate after the male's body weight was measured. The weight of the seminal fluid transferred was measured in the same way as in the female preference experiment. Each of those females that had experienced mating was introduced into another dish with another male to observe mating behavior. The behavior of each pair was recorded by a time lapse video recorder (SONY EVT-820) to measure the refractory period, estimated in terms of the period from the end of the first mating to the beginning of the courtship behavior at the second mating. Copulation in B. dorsalis is always accompanied by female courtship behavior; the female has the initiative to start the mating process (Takakura, 1999) . Therefore, the refractory period defined above corresponds acculately with the period that females need to remate. To manipulate male investment, males were reared under two dietary regimes from emergence to/in this experiment: half of the males used for the first mating were reared on water and sugar (poorly-fed males), while the remainders were fed on water, sugar and dry yeast (well-fed males). Data analysis was conducted with ANCOVA (analysis of covariance) where the dependent variable was the refractory period, and the independent variables were the weight of seminal fluid (as a covariant) and the feeding regime (as a factor). In addition, the relationship between the weight of the male body and the seminal fluid was examined by correlation analysis.
Sperm precedence. The sperm precedence of the last mated male (P2 value) was measured. The host seeds containing a pupa were exposed to gamma rays of 75 Gr radiated from 60 Co. Among the adults that emerged from these seeds, only 7-day-old males were used for the measurement. A virgin female was allowed to mate first with the irradiated male (R male), second with the non-irradiated male (NR male) 24 h later, or vice versa. The females after experiencing the double mating were individually introduced into Petri dishes (f11 cm) with water, sugar and dry yeast, and kept in a growth chamber regulated at 25°C and 16L-8D. Up to 10th day after the second mating, the eggs laid by those females were examined for development, which was distinctive and easily identified by the appearance of the dark-colored head capsule with development of the eggs. As a control, the development rate, defined as the proportion of developing eggs, was checked for eggs laid by females which mated only with either an R male or NR male. Based on Boorman and Parker (1976) , the P2 value was calculated from the egg development rate.
RESULTS

Female preference for greater investing or larger males
Females showed slight preference for heavier males over lighter males (22 of 36 trials), but the difference was not significant from random mating (Fig. 1, pϭ0.12, binomial test) . Furthermore, there was no significant difference between the weights of seminal fluid ejaculated by the chosen and unchosen males (0.62Ϯ0.04 mg and 0.52Ϯ0.04 mg, respectively) (pϭ0.12, t-test). These results suggest that B. dorsalis females showed no pre-copulatory mate preference for greater investing or larger males.
Relationship between the amount of seminal fluid obtained by a female and the female's refractory period Figure 2 clearly shows the tendency that females which received heavier seminal fluid refrained from remating for a longer period, and also that the gradient of the well-fed males was larger than that of the poorly-fed males. The results of ANCOVA shows the analogy to the above tendency (Table 1) ; the effects of the weight of seminal fluid and the interaction on the refractory period were significant.
Sperm precedence
The developmental rate of eggs was 99.4% (542/545 eggs) for females that mated with only an NR male, but was 0% (0/240 eggs) for females that had mated with only an R male. P2 values were 0.49 and 0.9, respectively, when the last mated males were R and NR (Fig. 3) 
DISCUSSION
Here, I first considered the validity of the P2 value obtained in this study. If the gamma ray radiation successfully sterilized males without damaging other traits except for the post-fertilizing potential of the sperm, the P2 value must be constant regardless of the mating order (whether the last male is R or NR). However, the results in this study were not so, but instead showed that the gamma ray radiation damaged the viability of the sperm or male. Therefore, I averaged the two P2 values and analyzed the sperm precedence of B. dorsalis based on the averaged value, though it is rather qualitative. The mean P2 value (0.7) indicates that the last transferred sperm was used predominantly for fertilization. Considering the poor fertilizing ability of the R male, the averaged P2 value is probably underestimated, and sperm of the last mated male must be used at a higher probability.
I could not determine whether the females chose larger males which may afford to invest more solely from the mating behavior exhibited in the female choice experiment. Namely, the classical and behavioral criterion on mate choice could not detect female choice in B. dorsalis. On the other hand, females that had received more investment (seminal fluid) refrained from mating for a longer period (Fig. 2) . B. dorsalis females lay eggs one at a time throughout their life time (Takakura, unpublished data) . Therefore, the longer mating interval, resulting from greater investment by males, will lead to predominant use of the sperm of greater investing males. Furthermore, as shown in Fig. 2 , the refractory period gained per weight of seminal fluid became longer with heavier seminal fluid; because the intercept is negative, the increase is always positive but gradually decreases to zero. In addition, a smaller amount of seminal fluid (Ͻ0.5 mg) did not prolong the refractory period at all. All these facts explain why B. dorsalis males produce exclusively large amounts of seminal fluid. On the contrary, if males invest less but copulate many times, the mated females should remate soon and fertilize disproportionally fewer eggs by sperm deriving from less investing males.
In short, B. dorsalis females did not choose greater investing males as their mates on a behavioral basis, but they preferentially used sperm of greater investing males by prolonging the refractory period according to the amount of investment.
In nature, it is probably difficult for the females of low density species like B. dorsalis to choose the greater investing male after sequentially comparing multiple males. Furthermore, females seem to hardly assess the male's investing potential accurately only by the semblance. In such a situation, the mechanism of post-copulatory female choice as shown in this study is an adequate strategy, which enables the females to choose sperm of greater in-314 K. Takakura   Table 1. ANCOVA table analyzing vesting males on a simple basis. Adopting this mechanism, the females can decide how much and whose sperm is used even after they receive the investment. Moreover, a deceitful signal or cheating by males may be difficult to evolve. In fact, the different gradient between the 2 feeding treatments of males in Fig. 2 and the significant interaction effect in Table 1 revealed that poorly-fed males could prolong the refractory period of the mated females far less than well-fed males could even if the same amount (weight) of ejaculate was invested. This implies that females can assess not only the amount of seminal fluid but also the nutrients contained. The post-copulatory assessment of the investment may enable B. dorsalis females to respond accurately. It is not known how B. dorsalis females assess the amount and the quality of seminal fluid. It was reported in some insect species that nutrients of seminal fluid gradually assimilated into hemolymph (e.g. Huignard, 1983) . If such is the case in B. dorsalis, females should remate when the size of the spermatheca decreases to at some threshold level, i.e. the mating interval is the time spent for assimilation of the seminal fluid. There is no evidence that justifies this hypothesis, but it can explain why females received low concentration seminal fluid remate sooner because such seminal fluid may be assimilated in a shorter time. The hypothesis, furthermore, explains the phenomenon whereby females that had received little seminal fluid (Ͻ0.5 mg) remated soon, because the volume of the spermatheca was below the threshold.
For studies on female choice, however, this type of post-copulatory female choice is bothersome (Birkhead, 1998) . The choice can not be detected from mating behavior alone. Observations must be done not only on the mating behavior but also on post-copulatory sperm use to elucidate the female choice, particularly, for species where females mate multiply.
In courtship-role-reversed insects, investing males are favored either by pre-copulatory female choice (in a katydid, Gwynne, 1982) , by prolonging mating to transfer more sperm (in a scorpion fly, Thornhill, 1976) , or by repeated mating (in a giant water bug, Smith, 1979) . Pre-or post-copulatory guarding of females may be effective for ensuring paternity, and is easy to observe. On the other hand, observation of mating behavior did not reveal post-copulatory female choice as in B. dorsalis. In this sense, the process of female choice in B. dorsalis is "cryptic" (Thornhill, 1983 (Thornhill, , 1984 . Nevertheless, this process partly depends on female behavior and thus can not be called cryptic female choice in the sense of Birkhead (1998) .
Finally, sex-role-reversal in courtship is known for many species of insects, and the evolutionary and ecological background of the phenomenon has been intensively studied (e.g., Gwynne, 1981 Gwynne, , 1982 . In spite of the accumulated knowledge, the evolutionary origin of courtship-role-reversal is still vague. To tackle the issue, it is critical to distinguish the two types of male investment: mating effort to attain greater mating success and paternal effort to enhance offspring fitness, though these are not necessarily mutually exclusive. If the former is the case, courtship-role-reversal may have evolved through sexual selection. If the latter is the case, courtship-role-reversal may have derived from a trade-off between male mating success and paternal investment. Huignard (1983) reported that in a bean weevil (Acanthoscelides obtectus), nutrients in the seminal fluid were hardly assimilated into eggs within 24 h, but were assimilated maximally at 36 h after copulation. If this is true, B. dorsalis males can not nurture their own offspring by the seminal fluid, because the mating interval was approximately 20 h at longest. In other words, B. dorsalis males may sire eggs to which other previously mated males provided nutrients. Thus, male investment in B. dorsalis is probably a mating effort not a paternal effort, and has been favored through high reproductive success of males as shown in this study but not high fitness of offspring. This process in turn has promoted the evolution of cryptic female choice for greater investing males, though the contribution to offspring fitness by paternal investment remains to be fully examined. In other words, the current lines of evidence support the evolutionary scenario that courtship-role-reversal in B. dorsalis has derived from the interplay between malemale competition over greater mating success and cryptic female choice for greater male investment.
Thus, the direct factor of courtship-role-reversal in B. dorsalis could be suggested from the view point of intrasexual competition. However, it is not known why the sex role in courtship is reversed only in B. dorsalis, whereas nutritional donation by males is known in some bean weevils (Huignard, 1983; Boucher and Huignard, 1987) . A comparison of behaviors and selection processes in courtship is probably necessary to examine this problem.
